ABSTRACT We have investigated the tissue distribution of overproduced esterases A (A1 and A2) and B (B1 and B2) in strains of Culex pipiens L. by immunocytochemistry. S-LAB mosquitoes, lacking overproduced esterases, were used as reference. Tissues showing a strong speciÞc reaction (ßuo-rescence) were observed with anti-esterase A1 antiserum in S54 (with A1) and BOUAKE (with A2) strains, and with anti-esterase B1 antiserum in TEM-R and EDIT (with B1) and BOUAKE (with B2) strains. Overproduction of esterases A and B was tissue-speciÞc. The most constant pattern for the two types of esterases was their overproduction in the alimentary canal and Malpighian tubes, although ßuorescence varied in intensity depending on strains and developmental stages. There was no difference in the tissue distribution of esterases A1 and A2. In contrast, esterases B pattern was highly variable among strains. Differences between TEM-R and EDIT were explained by the different overall overproduction and number of copies of the ampliÞed gene (10-fold higher in TEM-R). The most striking difference in esterase B1 and B2 tissue localization concerned the nervous system where neurons were intensely ßuorescent in TEM-R and EDIT (B1), but not in BOUAKE (B2). All esterase B positive tissues in TEM-R contained large quantities of esterase B1 mRNA (in situ hybridization), indicating that at least part of the protein revealed by immunochemistry was produced in the tissues where it was observed. Our results are discussed in terms of the protection that the different esterases can confer during exposition to organophosphorous insecticides.
INCREASED ESTERASE DETOXIFICATION is a common mechanism of resistance to organophosphorous insecticides in insects. In Culex pipiens L. mosquitoes, it is due to the overproduction of esterases that have a high binding afÞnity with insecticides but a very low rate of hydrolysis, and thus mainly act by sequestering insecticides before they reach their acetylcholinesterase target (Cuany et al. 1993; Karunaratne et al. 1993) . Allozymes of two genes (Est3 and Est2 coding esterases A and esterases B, respectively) can be overproduced, either simultaneously (A2 and B2, A4 and B4, A5 and B5, A8 and B8) or alone (A1, B1). The overproduction of all esterase allozymes except A1 is due to gene ampliÞcation; A1 overproduction corresponds to an increased expression of the gene. When an esterase A and an esterase B are overproduced simultaneously, the two structural genes are co-ampliÞed .
The ampliÞcation of different esterase systems has occurred independently, and that of each system was a unique event (Raymond et al. 1991 , Qiao et al. 1998 . Some overproduced esterases (A2-B2 and B1) have been highly successful and have invaded large geographic territories, whereas others (the nonampliÞed A1, and the ampliÞed A4-B4, A5-B5, A8-B8) have a more limited geographic distribution. The causes of such differences are poorly understood, and probably multiple. An important parameter is undoubtedly their Þtness, and two aspects are currently under investigation: Þtness in absence of insecticide (Chevillon et al. 1995 (Chevillon et al. , 1997 Lenormand et al. 1999; Lenormand and Raymond 2000) , and the relation between the number of gene copies and the level of resistance , Weill et al. 2000 . Recently, Hemingway et al. (2000) identiÞed an aldehyde oxidase gene within the A2-B2 amplicon (e.g., the ampliÞed DNA segment encompassing esterase A2 and B2 genes). Because aldehyde oxidases are known for detoxifying a large array of aromatic compounds, these authors suggested that the co-ampliÞcation of this gene along with esterases A2-B2 conferred an additional Þtness, hence explaining their invading characteristics. However, other factors may also have an important role. The current study was undertaken to examine how overproduced esterases are distributed in tissues at different developmental stages to answer the following questions: (1) Is overproduction of esterases limited to some tissues? (2) Do tissues where overproduction occurs differ in re-lation to the genetic mechanism controlling overproduction (e.g., modiÞed expression versus gene ampliÞcation, or different ampliÞcation systems)?
Materials and Methods
Mosquito Strains. Strains of Culex pipiens included S-LAB (Georghiou et al. 1966 ) lacking overproduced esterases; S-54 (Pasteur et al. 1981) overproducing esterase A1; TEM-R (Georghiou et al. 1980 ) and EDIT ) overproducing esterase B1; and BOUAKE (Magnin et al. 1988 ) overproducing esterases A2-B2. Characteristics of the strains are given in Table 1 .
Esterase tissue localization by immunocytochemistry. Larvae, pupae, and adults were Þxed for 24 h in Bouin-Dubosc solution, dehydrated, and embedded in parafÞn. ParafÞn sections (7 m) were immersed 10 min in phosphate-buffered saline (PBS) buffer (0.1 M, pH 7.2), and 10 min in 1/200 solution of sheep serum (Nordic Immunology, Tilburg, Netherlands) in PBS. Seventy-Þve microliters of 1/500 dilution in PBS of esterase B1 rabbit antiserum or of esterase A1 rabbit antiserum (Mouchè s et al. 1987) , containing 2% Triton X100, were deposited on each slide. Slides were stored at 5ЊC in a water-saturated atmosphere for 48 h, rinsed twice with PBS, and incubated 45 min at room temperature with ßuoresceine-conjugated goat anti-rabbit polyclonal antibody (Diagnostic Pasteur, Marnes la Coquette, France) (1/200 in PBS), rinsed in PBS, covered with a coverslip deposited on a drop of 2:1 glycerol:PBS, and sealed with nail polish. Slides were examined under UV light.
Esterase B1 expression by in situ hybridization. Esterase B1 expression was investigated in TEM-R and S-LAB larvae and adults on frozen sections as described by Thomas-Cavallin and Aṏt-Ahmed (1988) . The 1.3-kb cDNA probe of esterase B1 (Mouchè s et al. 1990 ) was labeled with tritiated adenine and thymidine, the speciÞc activity of the hybridization solution pipetted onto each slide was 4,000 cpm/ml.
Results
The tissue immuno-localization of esterases A and B was studied in strains with overproduced esterases in reference to the S-LAB strain lacking overproduced esterases. Sections of larvae, pupae, or 2-d-old adults of S-LAB displayed a homogeneous faint green color with both anti-esterase A1 (anti-A) and anti-esterase B1 (anti-B) antisera. In contrast, sections of mosquitoes with an overproduced esterase showed a mosaic of tissues with a bright yellow ßuorescence speciÞc staining conferred by ßuoresceine and of tissues with an homogeneous nonspeciÞc green color with anti-A (S54 and BOUAKE strains) or anti-B (TEM-R, EDIT, and BOUAKE strains) antisera (see Fig. 1 ).
Although esterases A and B are present in S-LAB whole-body homogenates (Table 1) , it was not possible to distinguish speciÞc (yellow) and nonspeciÞc (green-yellow) ßuorescence on S-LAB sections. Moreover, there was no difference between sections incubated with the primary (anti-esterase) and the secondary antibodies and those incubated with the secondary antibody alone (data not shown). Thus, esterase concentration in tissues of S-LAB insects was below the detection threshold of the immunocytochemical technique used.
Tissue Localization of Overproduced Esterases B. No speciÞc staining was observed with S-LAB and S-54 sections when using anti-B antiserum, but there was a strong ßuorescence in TEM-R and EDIT (with overproduced esterase B1), and in BOUAKE (with overproduced esterase B2).
TEM-R mosquitoes displayed extremely strong ßu-orescence ( Fig. 1) at all developmental stages. In Þrst instars, collected just after hatching, the Malpighian tubes and the hindgut near its junction with Malpighian tubes were strongly ßuorescent as was the brain and ventral nervous ganglia ( Fig. 2A and B) . In fourth instars, the strongest ßuorescence was recorded in the alimentary canal (foregut, midgut and gastric caeca, hindgut) and the Malpighian tubes (Fig.  1) . Fluorescence was also high in hypodermic cells lining the cuticle (Fig. 2D ). In the nervous system (brain, and thoracic and abdominal ganglia), spindleshaped cells localized in the cortex at the periphery of the neuropile displayed a very strong ßuorescence ( Fig. 3B and F) and were identiÞed as neurons. Fluorescence was also observed in free cells (probably oenocytes) in the body cavity (Fig. 2E) , especially in the abdomen. No ßuorescence was observed in imaginal discs, muscles, salivary glands, and fat body. In pupae, Malpighian tubes and nervous tissues, which do not undergo metamorphosis, had the same esterase B ßuorescence as in fourth instars, but ßuorescence of (1987) . b Immuno dot-blot showed a reactivity clearly higher than S-LAB but lower than in S54; no precise quantiÞcation was done.
the alimentary canal decreased as metamorphosis processed. At this developmental stage, structures formed of large highly ßuorescent cells (possibly precursor cells of the adult intestine) were observed in each abdominal segment (Fig. 2 F) . No ßuorescence was detected in imaginal discs or leg appendices. In adults, the overall pattern of esterase B distribution was close to that of fourth instars: alimentary canal, Malpighian tubes, hypoderm and nervous system. However, ßu-orescence of the midgut was higher in the abdomen than in the thorax, and ßuorescence of Malpighian tubes was similar to that of fourth instars in females but much fainter in males. Neurons of the ganglia ( Fig. 3 E and F) and brain ( Fig. 3D ) were strongly positive as were annexes of the nervous system such as ommatidia and Johnston organs. Finally, no ßuorescence was found in salivary glands, muscles, and reproductive system of males or females or their annexes (seminal vesicle, spermathecae, spermatozoa, or developing eggs in gravid females, Fig. 2G ). EDIT mosquitoes displayed a much lower overall ßuorescence than TEM-R. In adults and larvae, only the Malpighian tubes showed a strong ßuorescence, but this ßuorescence was restricted to the proximal part of the tubes, e.g., observed near the hindgut (not shown). The alimentary canal contained some esterase B, and its low ßuorescence was slightly higher in larvae than in adults. No ßuorescence was observed in hypodermic cells at any developmental stage. Surprisingly, the neurons of the brain and thoracic and abdominal ganglia displayed a pattern of ßuorescence as strong as in TEM-R (Fig. 3E) . Similarly, in adults, ommatidia and Johnston organs were strongly positive.
In BOUAKE strain, ßuorescence of the Malpighian tubes was similar to that of TEM-R in larvae as well as in adults. The alimentary canal was also positive at all developmental stages, but with a lower and less regular ßuorescence than in TEM-R. Thus, in larvae, no ßuorescence was detectable in the foregut, and esterase overproduction seemed to be limited to the midgut and hindgut with two regions of strong ßuorescence in the caecae and near the Malpighian tubes. The hypoderm showed ßuorescence only in the larval thorax where it is composed of several layers of cells. No ßuorescence was observed in the thoracic and abdominal ganglia of larvae and adults, and in the brain of larvae. Lightly ßuorescent cells were observed in the brain of an adult, localized at the glia periphery (Fig.  3H ), indicating that they are different from the highly ßuorescent neurons observed in TEM-R and EDIT. As in EDIT and TEM-R, imaginal discs, salivary glands, muscle and reproductive structures of adult males and females were never ßuorescent.
In summary (Table 2) , variations in the tissue distribution of overproduced esterase B was observed between TEM-R and EDIT strains (with B1), and between these strains and BOUAKE (with B2). Over- In this photograph the green background seen when observing slides is dark black, and the yellow ßuorescence indicating the presence of esterase B is white. Note the large difference in overall ßuorescence between S-LAB and TEM-R. In S-LAB, only a few white points were visible in the alimentary canal content and head cuticle (unspeciÞc ßuorescence). In TEM-R many tissues were positive (see text), and the gut content was barely visible. Arrows point to the following structures: 1, cerebral ganglia; 2, sub-esophageal ganglia; 3, fat body; 4, hypoderm; 5, abdominal ganglia; 6, gastric caeca; 7, alimentary canal; 8, gut content; 9, muscle, 10; Malpighian tubes. all, the general ßuorescence was much stronger in TEM-R than in EDIT and BOUAKE, as expected from immunoblot data (Table 1 ). In the three strains, esterase B was clearly overproduced in the alimentary canal and the Malpighian tubes at all developmental stages; although the intensity of ßuorescence varied in different sections of both organs, the hindgut and the proximal region of Malpighian tubes were always ßu-orescent. The comparison of TEM-R Þrst and fourth instars indicated that overproduction takes place progressively along the alimentary canal as development progresses. The most striking difference between esterase B1 and B2 concerned the nervous system with extremely ßuorescent cells localized in the cortex at the neuropile junction in thoracic and abdominal ganglia and brain of TEM-R and EDIT, and not of BOUAKE.
Presence of esterase B in a particular tissue may be due to its synthesis in this tissue or to storage of the protein produced in other tissues. The tissue localization of esterase B mRNA was compared in TEM-R and S-LAB fourth instars and adults by in situ hybridization of mRNAs with a tritiated esterase B1 probe. As expected, a low level of hybridization was obtained with S-LAB sections (a few evenly scattered silver grains were observed). In TEM-R, all tissues in which esterase B protein was detected by immunocytochemistry were strongly positive in larvae (data not shown) as well as in adults: alimentary canal, Malpighian tubes, hypoderm, neurons of the brain, and thoracic and abdominal ganglia (Fig. 4) . A tissue in which no ßu-orescence was observed by immunocytochemistry displayed many silver grains, indicating an intense synthesis of esterase B mRNA: the fat body of adults ( Fig. 4C ) and larvae. It is possible that immunocytochemistry did not detect esterase B in the fat body because it was destroyed following the toluene treatment of parafÞn sections.
Tissue Localization of Overproduced Esterases A. With anti-A antiserum, a speciÞc ßuorescence was observed in fourth instars, pupae, and adults of S-54 (with A1) and BOUAKE (with A2) strains, but not in TEM-R or EDIT mosquitoes lacking overproduced esterase A (Table 1 ). The overall ßuorescence was low compared with esterase B in TEM-R, and no variation in the tissue pattern or intensity of ßuorescence was observed between S-54 and BOUAKE (Table 3) .
In larvae, ßuorescence was observed in tissues of the alimentary canal, Malpighian tubes, and in small groups of cells free in the body cavity (oenocytes) or within the hypoderm (Fig. 5A, B, and D) . The strongest ßuorescence was noted in the anterior part of the Malpighian tubes (the posterior part was negative, Fig.  5B ). In pupae, the repetitive structures observed in the abdomen were positive (Fig. 5G) . In adults, a low ßuorescence was observed in tissues of the digestive tract and Malpighian tubes and a very high ßuores-cence in oenocytes (Fig. 4F) . No ßuorescence was found in the nervous system (Fig. 4E ) and muscle at any developmental stage, in imaginal discs in larvae, or in the reproductive structures of adults (Fig. 4F) .
Overall, the tissue distribution of A2 had large similarities with that of B2 in the BOUAKE strain: both esterases were mainly recorded in the digestive tract (gut and Malpighian tubes in larvae and adults, and repetitive structures of pupae). Some of the observed differences may correspond to different thresholds of detection by the anti-A and anti-B antisera. This may be the case of Malpighian tubes: with anti-B antiserum the proximal part was clearly more ßuorescent than the distal part, whereas with anti-A antiserum only the proximal part was immunopositive. In contrast the difference observed for hypoderm is likely to have a functional signiÞcance. With anti-B, the ßuorescence (when detectableÑthorax) was low and homogeneous over cells, whereas with anti-A it was restricted to isolated cells displaying a strong ßuorescence.
Discussion
As expected from immunoblots studies performed with whole-body homogenates (Table 1) , immunocytochemistry showed that the quantities of esterase A in S54 and BOUAKE, and of esterase B in TEM-R, EDIT, and BOUAKE, were higher than in S-LAB mosquitoes. The two methods, however, gave different results for S-LAB: both esterases were detected by immunoblots but not by immunocytochemistry. This indicated that only the esterases with a concentration above the threshold of detection could be visualized in the current study. In addition, immunological reactions are saturated at high protein concentrations so that, above a certain concentration, ßuorescence will no longer increase. These considerations must be taken into account when comparing the results obtained with different antisera, strains, and developmental stages.
The Þrst objective of our investigation was to determine whether overproduced esterases were limited to some tissues. Immunocytochemistry revealed that, indeed, the ßuorescence pattern was strongly heterogeneous, some tissues showing no ßuorescence, whereas others were more or less strongly positive. Most striking was the highly similar tissue distribution of overproduced esterases A in S54 and BOUAKE, and the highly variable distribution of overproduced esterases B in TEM-R, EDIT, and BOUAKE.
Because the quantities of esterases A1 and A2 in the S54 and BOUAKE were roughly similar in whole-body homogenates (Table 1) , limitations of the immunocytochemistry method should be comparable. Thus, the different genetic mechanisms (modiÞed expression and gene ampliÞcation) appear to have no inßu-ence on esterase A tissue localization. 
Fluorescence intensity is evaluated by 0 (none) or increasing numbers from 1 (slight) to 5 (extremely intense). Ñ, Absence of information. NR, nonrelevant. In contrast, the rates of esterase B overproduction was much higher in TEM-R (Ϸ500 fold) than in EDIT and BOUAKE (Ϸ50-and 30-fold, respectively, Table  1 ). In the three strains overproduction is due to gene ampliÞcation. TEM-R and EDIT contain the same ampliÞed allele (B1) but in different number of copies (Ϸ10-fold higher in TEM-R than in EDIT, Guillemaud et al. 1999 , Weill et al. 2000 , whereas BOUAKE contains the B2 allele which is co-ampliÞed with A2. Thus, part of or all differences observed between TEM-R and EDIT may be ascribed to the general level of overproduction: absence of ßuorescence in a tissue found positive in TEM-R will be explained most simply by the low sensitivity of the immunocytochemistry technique. Differences observed between EDIT and BOUAKE may be considered independent from the rate of overproduction and due to differences associated with the nature of the ampliÞcation (B1 versus B2). Comparing data of Table 2 points out to a single major difference between esterases B1 and B2: the presence of a large quantity of esterase B (strong ßuorescence) in neurons of the brain and of the thoracic and abdominal ganglia in EDIT, but its absence in BOUAKE.
Finally, the question of whether overproduced esterases were synthesized or simply stored in the tissues where they were observed by immunocytochemistry was investigated in the TEM-R strain. All immunopositive tissues contained a large quantity of esterase B mRNA. Further experiments are needed to verify that this is also the case of esterase B2 and of the two esterases A.
The tissue localization of overproduced esterases responsible for resistance to organophosphorous insecticides is remarkable. To reach the insect "milieu inté rieur," insecticides present in the environment have Þrst to cross the body wall (cuticle and hypoderm) or the alimentary canal wall. They then reach the central nervous system where they inhibit the acetylcholinesterase contained in the synapses. The four esterases studied (A1, B1, A2, and B2) are particularly well positioned to protect the insect. They were present in a high quantity in the alimentary canal, and esterases B were in addition overproduced in the hypoderm. An additional protection is provided by esterase B1, which is present in neurons of the central nervous system. Among the three systems of overproduction investigated, the B1 ampliÞcation appeared to be the most sophisticated for providing protection to insecticide exposure, e.g., a high level of resistance. This may explain, at least in part, its success in widely separated geographic regions (Americas, PaciÞc islands, and eastern Asia).
The current results raised several questions concerning the mechanism(s) controlling the differential tissue expression of esterases B1 and B2, and the consequences of such differences on the evolution of overproduced esterases in Þeld populations.
The Þrst question to be answered concerning the differential tissue expression of esterases B1 and B2 is whether it was a consequence of gene ampliÞcation or existed prior to ampliÞcation. Currently, little is known of nonampliÞed esterases B except that proteins are highly variable in their electrophoretic mobility as is also the case with genomic DNA restriction patterns encompassing the structural gene Sinè gre 1975, Raymond et al. 1996) . Only three amino-acid sequences are known (a nonampliÞed esterase and esterases B1 and B2, Mouchè s et al. 1990 , Raymond et al. 1991 , Vaughan et al. 1997 , and no study of their promotor or regulation regions has been undertaken.
The differential tissue expression of overproduced esterases has also important consequences for under- 
Fluorescence intensity is evaluated by 0 (none) or increasing numbers from 1 (slight) to 5 (extremely intense). Ñ, Absence of information. NR, nonrelevant.
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Fluorescence was restricted to a few cells, with strong ßuorescence, in contrast to results with anti-B antiserum where the whole hypoderm showed a low ßuorescence. standing and, eventually, predicting the evolution of these enzymes in Þeld populations. Factors controlling the change in frequency of the different overproduced esterases in natural populations are beginning to be identiÞed (Raymond et al. 2001) . Of interest here is the beneÞcial advantage provided by these enzymes in environments where mosquitoes are exposed to OP insecticides consequent to mosquito control or to agricultural pests management. A key factor is the level of ampliÞcation (i.e., the number of gene copies present within an ampliÞed fragment) as shown by Weill at al. (2000) , who compared strains with esterase B1: larger numbers of gene copies were associated with higher resistance to OP temephos. Until now, the differences of OP resistance observed among strains with different ampliÞed esterase genes were thought to be due to differences in ampliÞcation levels, and possibly to differences in the ability of the enzymes to sequester or hydrolyze OP insecticides. Our study shows that gene expression is also a major mechanism, including the control of tissue differentiation. The possibility that certain alleles are expressed in the central nervous system, where the target acetylcholinesterase of OP insecticides is present, is not benign in terms of the resistance they can confer.
In conclusion, our study points out the complexity of the molecular mechanisms underlying resistance to insecticides and our still restricted understanding of them. It stresses the importance for developing research that links genotypes and phenotypes by showing that the relationships between levels of gene ampliÞcation, esterase overproduction and resistance are not simple. More speciÞcally, data based solely on studies of whole individuals or groups of individuals might be misleading in view of the variability of tissue expression between alleles. On another hand, this variability opens a whole new area of investigations on the control of gene expression during development and tissue differentiation, for which the Culex pipiens resistance model appears particularly promising in view of elucidating new adaptive mechanisms.
